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Recent studies on the structural composition of mammalian sperm heads have shown a congregate of unidentified proteins
occupying the periphery of the mammalian sperm nucleus, forming a layer of condensed cytosol. These proteins are the
perinuclear theca (PT) and can be categorized into SDS-soluble and SDS-insoluble components. The present study focused
on identifying the major SDS-insoluble PT protein, which we localized to the subacrosomal layer of bovine spermatozoa and
cloned by immunoscreening a bull testicular cDNA library. The isolated clones encode a protein of 122 amino acids that
bears 67% similarity with histone H2B and contains a predicted histone fold motif. The novel amino terminus of the protein
contains a potential bipartite nuclear targeting sequence. Hence, we identified this prominent subacrosomal component as
a novel H2B variant, SubH2Bv. Northern blot analyses of SubH2Bv mRNA expression showed that it is testis-specific and
is also present in murid testes. Immunocytochemical analysis showed SubH2Bv intimately associates, temporally and
spatially, with acrosome formation. While the molecular features of SubH2Bv are common to nuclear proteins, it is never
seen developmentally within the nucleus of the spermatid. Considering its developmental and molecular characteristics, we
have postulated roles of SubH2Bv in acrosome assembly and acrosome-nuclear docking. © 2001 Academic Press
Key Words: spermatozoa; perinuclear theca; spermiogenesis; acrosome development; histone; H2B; bipartite nuclear
targeting sequence.p
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oINTRODUCTION
The perinuclear theca (PT) of the mammalian sperm head
is a condensed layer of cytoplasm that is sandwiched
between the nuclear envelope (NE) and the inner acrosomal
membrane (IAM) apically and between the NE and the
plasma membrane caudally. Based on studies of morphol-
ogy (Fawcett, 1970; Olson et al., 1976; Lalli and Clermont,
981; Oko and Clermont, 1988; Oko, 1995) and protein
omposition (Olson et al., 1976; Longo et al., 1987; Olson
nd Winfrey, 1988; Oko and Clermont, 1988; Oko et al.,
990; Hess et al., 1993; Oko and Morales, 1994; Oko and
aravei, 1994; Von Bulow et al., 1997; Korley et al., 1997;
reed et al., 2000), the PT has been subdivided into two
tructurally continuous regions, the subacrosomal layer
nd the postacrosomal sheath. Mammals having falciform-
haped sperm heads (e.g., mouse and rats) have an exten-
ively thickened subacrosomal layer which apically is in
he shape of a curved triangular rod and is referred to as the
1 To whom correspondence should be addressed. Fax: (613) 533-
a2566. E-mail: ro3@post.queensu.ca.
376erforatorium. Comparatively, mammals that have spatu-
ate or cone-shaped sperm heads (e.g., ruminants and pri-
ates) do not bear the greater investment of the perforato-
ium. The PT is also structurally continuous and
ompositionally similar with the outer periacrosomal layer,
hich is sandwiched between the outer acrosomal mem-
rane and the plasma membrane in the region of the
quatorial segment (Oko et al., 1990; Oko and Maravei,
994).
PT proteins can be classified into SDS-soluble (KCl-
xtractable) and SDS-insoluble (NaOH extractable) compo-
ents (Oko and Maravei, 1994; Lecuyer et al., 2000). The
rominent proteins of the SDS-insoluble component have
olecular masses of approximately 60, 32, 28, 25, and 15
Da and form the covalently-bonded structural framework
f the PT. The 60-kDa interspecies protein, calicin, has
een identified as an actin binding protein belonging to the
elch family (Von Bulow et al., 1995; Lecuyer et al., 2000)
hose localization during spermiogenesis is superimposed
n actin in the subacrosomal layer and later in the post-
crosomal sheath (Lecuyer et al., 2000). In addition to
0012-1606/01 $35.00
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377Subacrosomal H2B Variantbinding actin, this basic protein has the ability to form
homomultimers, a characteristic that may contribute to the
rigidity of the PT (Lecuyer et al., 2000). Although the
SDS-insoluble PERF 15 or TLBP has been identified as a
lipid binding protein isoform (Scmitt et al., 1994; Oko and
Morales, 1994) and is the prominent constituent of the
subacrosomal region of falciform-shaped spermatozoa (Oko
and Morales, 1994; Korley et al., 1997; Breed et al., 2000),
the present study suggests that PERF 15 is absent in the PT
of spatulate-shaped spermatozoa. We therefore focus on
characterizing another subacrosomal 15-kDa PT protein
that is present in both falciform- and spatulate-shaped
spermatozoa.
While the molecular identity and developmental charac-
teristics of the majority of PT proteins, both SDS-soluble
and -insoluble, remain unknown, their identities are essen-
tial to understanding PT assembly, its involvement in
acrosomal-nuclear docking, nuclear shaping during sper-
miogenesis (Oko and Maravei, 1995; Oko, 1995), sperm–egg
interactions during natural fertilization, (Sutovsky et al.,
1997) and intracytoplasmic sperm injection (ICSI) (Hewit-
son et al., 1999). The objective of the present study was to
identify and developmentally characterize the major sub-
acrosomal perinuclear theca protein of the bull sperm,
which we have termed the Subacrosomal H2B variant
(SubH2Bv).
MATERIALS AND METHODS
Isolation and Extraction of the Bull Perinuclear
Theca Proteins
The perinuclear theca proteins were extracted from bull sperm
heads by using the established methods described previously by
Oko and Maravei (1994). Spermatozoa were isolated by mincing
bull epididymides into 25 mM Tris-buffered saline (TBS), pH 7.5, at
4°C, containing 0.01 M phenyl methylsulphonyl fluoride (PMSF),
aprotinin (1 mg/ml), leupeptin (10 mg/ml), and pepstatin (10 mg/ml)
and filtered through nylon mesh. The isolated spermatozoa were
then sonicated on ice by a Vibracell sonicator (Sonics & Material
Inc., Danbury, CT) to separate the sperm heads from the tails until
.99% of the spermatozoa were decapitated. This pellet was
resuspended in TBS containing 80% sucrose and centrifuged at
200,000g for 60 min in a 60-Ti angle rotor (Beckman, Mississauga,
ON). The centrifuged pellet obtained contained .99% sperm
heads.
The isolated sperm heads were resuspended in 0.2% Triton
X-100 for 1 h with agitation then centrifuged at 2500g for 10 min
and washed in TBS. The resulting pellet was resuspended in 1 M
NaCl with agitation for 1 h then centrifuged at 2500g for 10 min
and washed in TBS. This pellet was treated with 100 mM NaOH
overnight. The NaOH suspension was subsequently centrifuged at
2500g for 10 min and the supernatant was neutralized and then
dialyzed against three changes of distilled water and finally lyophi-
lized. This alkaline treatment extracted the SDS-insoluble pe-
rinuclear theca proteins. The perinuclear theca was extracted from
isolated rat sperm heads by using a similar technique (Oko, 1995).
Copyright © 2001 by Academic Press. All rightSDS–Polyacrylamide Gel Electrophoresis and
Western Blotting
Lyophilized PT extracts were solubilized in 2% SDS-5%
b-mercaptoethanol for 5 min at 100°C and run on linear gradient
(8–18%) polyacrylamide gels according to Laemmli (1970). Relative
molecular weights of the proteins were determined by comparison
to the mobility of low molecular weight standards (Pharmacia
Electrophoresis Calibration Kits, Piscataway, NJ). The gels were
then stained with Coomassie brilliant blue dye or the proteins were
electrophoretically transferred from gels to nitrocellulose mem-
brane with pore size 0.45 mm (Schleider and Schell, Keene, NH) in
solution of 25 mM Tris-base, 192 mM glycine, and 20% methanol
pH 8.3) using a Hoefer Transphor Apparatus (Hoefer Scientific
nstruments, San Francisco, CA) according to the technique of
owbin et al. (1979). Alternatively, proteins were transferred from
gels to immobilon-P with pore size 0.45 mm (Millipore, Bedford,
MA). Western blots were used for immunoblotting, obtaining pro-
teins for amino acid sequence analysis, and affinity purifying anti-
bodies to a specific protein band. The proteins were immobilized
on immobilon-P for amino-terminal sequencing according to Mat-
sudaira (1987). The service was provided by Louisiana State Uni-
versity Medical Center, Core Laboratories (New Orleans, LA).
Antibody Preparation and Purification
Anti-PT serum was raised in a rabbit against the isolated PT
extract as described by Oko and Maravei (1994). The anti-PT serum
was used to affinity purify antibodies from a Western blot-
immobilized SubH2Bv by a method described previously (Oko and
Maravei, 1994) and adapted from Talian et al. (1983) and was
ermed affinity-purified anti-SubH2Bv.
In addition, anti-SubH2Bv serum was raised in the rabbit by
sing an oligonucleotide created from the carboxy terminus of the
educed amino acid sequence of SubH2Bv (EKLAKYAVAF-
KEAVQRYVRS) and was termed anti-SubH2Bv oligo. The peptide
as synthesized by using traditional Fmoc solid phase 20-mM
eptide synthesis on an Advanced Chemtech 396MS. A cysteine
as added to the amino terminus of this oligopeptide to facilitate
LH conjugation by using maleimide chemistry. Four immuniza-
ions of two rabbits were performed over the course of 8 weeks. The
abbits were then bled on intervals of 4, 8, and 10 weeks postinitial
mmunization to obtain the anti-SubH2Bv sera. Affinity purified
nti-PERF 15 serum was obtained as described by Oko and Morales
1994).
Immunoblotting
The reactivity of the anti-SubH2Bv and anti-PERF 15 antibodies
were tested on Western blots of perinuclear theca proteins, using a
secondary antibody (alkaline phosphatase-conjugated) F(ab) goat
anti-rabbit IgG (Cedarlane Laboratories, Hornby, ON) to detect the
signal according to McGadey (1970).
Isolation of cDNA Clones
Several positive cDNA clones were obtained by immunoscreen-
ing a bull testis ZAP Express cDNA Library (Stratagene, La Jolla,
CA) with affinity-purified antibodies specific to SubH2Bv. The
phagemids (pBK-CMV) containing the clone of interest were ex-
cised from the lambda phage genome by transfecting them into
XL-1 Blue cells in the presence of ExAssist helper phage (Strat-
s of reproduction in any form reserved.
378 Aul and Okoagene, LaJolla, CA) which allows the phagemid to be excised,
circularized, packaged as filamentous phage particles, and secreted
from XL-1 Blue cells. The isolated phagemids were then trans-
formed into XLOLR cells (Stratagene, La Jolla, CA) with kanamycin
selection. After mini-plasmid preparation (Qiagen, Mississauga,
ON) of isolated colonies, inserts were cleaved out of the plasmid
vector (pBK-CMV) using (EcoRI and XhoI) and analyzed on 1.2%
agarose gels. Several clones with appropriate insert sizes (at least
500 bp) were selected for sequence analysis (Cortech, Queen’s
University, Kingston, ON) using T3 and T7 primers in order to
determine the nucleotide sequence of the insert on both strands.
The DNA sequencing reactions were performed by using ABI
PRISM Dye Terminator Cycle Sequencing Kit with AmpliTaq
DNA polymerase. Subsequent reactions were electrophoretically
separated and analyzed on an ABI 377 DNA sequencer system.
RNA Preparation and Northern Blotting
Total RNA was prepared by using RNeasy Mini-preparation kit
(Qiagen, Mississauga, ON). Isolated RNA was mixed with sample
buffer containing formaldehyde, formamide, and MOPS, denatured
at 65°C for 10 min, and run on 1.2% agarose-formaldehyde gels.
The gels were washed with 203 SSC and transferred to a nylon
membrane (Roche Biomolecular, Germany) in a Red-Evac Vacuum
Transfer chamber (Hoefer Scientific Instruments, San Francisco,
CA) in 203 SSC transfer buffer. The membranes were then kept
damp and treated with ultraviolet light to cross-link the transferred
RNA onto the nylon matrix.
Northern Blot Hybridization and
Chemiluminescent Detection
The blots were prehybridized in hybridization buffer (DIG Easy
Hyb Buffer, Roche Biomolecular, Germany) in a hybridization cham-
ber (Robbins Scientific, CA) for 1 h at 68°C. They were then incubated
overnight at 68°C in hybridization buffer containing 100 ng/ml
DIG-labeled antisense and sense riboprobes in vitro transcribed from
a cDNA encoding SubH2Bv and PERF 15 (previously cloned from a rat
testis cDNA library). The blots were then washed twice at room
temperature in a buffer of 23 SSC containing 0.1% SDS followed by
two stringency washes at 68°C in 0.53 SSC containing 0.1% SDS.
The chemiluminesence of the hybridized DIG-labeled riboprobes was
detected by equilibrating the blots in washing buffer for 5 min and
incubating in blocking buffer for 1 h (DIG Wash and Block Buffer Set,
Roche Biomolecular, Germany). The blots were then incubated in
alkaline phosphatase-conjugated Fab sheep anti-digoxigenin IgG
(Roche Biomolecular) for 30 min. After two washes in washing buffer,
the blot was equlibrated in detection buffer for 5 min and incubated in
a CSPD solution (disodium 3-(4-methoxy{1,2-dioxethane-3,29-(59-
chloro)-tricyclodecan}-4-yl) phenyl phosphate; Roche Biomolecular)
for 15 min at 37°C. The blot was then sealed between two transpar-
encies, placed over Lumi-Film (Roche Biomolecular) at room tempera-
ture, and exposed for 15–25 min.
RT-PCR of Total Testis RNA
Reverse transcription PCR was performed on total RNA isolated
from bull, mouse, and rat testis and the first-strand cDNA synthe-
sis was primed by using a synthetic oligonucleotide created anti-
sense to the 39 terminus of the SubH2Bv cDNA (59-AAC ATG GAG
TTT AGG AGC-39). Five micrograms of total testis RNA was
incubated at 70°C with 2 rmol of the 39 primer and then incubated
Copyright © 2001 by Academic Press. All rightat 42°C for 5 min after the addition of 103 PCR buffer (200 mM
Tris–HCl, pH 8.4, 500 mM KCl), 25 mM MgCl2, 0.1M DTT, and 10
mM dNTP mix (Gibco BRL, Life Technologies). Reverse transcrip-
tion was carried out at 42°C for 50 min after the addition of 200
units of Superscript II RT (Gibco BRL, Life Technologies). The
reaction was terminated at 70°C for 15 min and the RNA template
was then eliminated by using 2 units of Escherichia coli RNase H
(Gibco BRL, Life Technologies) at 37°C for 20 min. The first-strand
cDNA obtained was amplified by using the synthetic oligonucleo-
tides created from the 39 and 59 terminus (59-CAT CTG CAA TGG
CCA GAA-39) of the SubH2Bv cDNA by 30 cycles of PCR.
Immunocytochemistry
Testicular sections, fixed and embedded in paraffin and Lowic-
ryl, were processed for LM immunoperoxidase staining and EM
immunogold labeling, respectively, according to techniques previ-
ously described (Oko and Clermont, 1989; Oko and Maravei, 1994).
RESULTS
Characteristics of the Antibody Against the
15-kDa PT Protein
The polyclonal antibody used to screen the testicular
ZAP Express cDNA Library (Stratagene, La Jolla, CA) was
raised in rabbits against the isolated perinuclear theca and
affinity purified on the prominent perinuclear theca
polypeptide (15 kDa) (Fig. 1A). The affinity-purified anti-
body reacted with the 15-kDa PT polypeptide on Western
blot analysis (Fig. 1B) and appeared specific to the single
perinuclear theca polypeptide.
Ultrastructure Localization of the 15-kDa PT
Protein
The immunogold labeling was exclusive to the subacro-
somal layer of the PT, which lies directly underneath the
acrosome and is in contact with the nuclear envelope, and
to the part of the outer periacrosomal layer which overlies
the equatorial segment of the acrosome in developing and
mature spermatids (Fig. 2). No labeling was observed in the
postacrosomal sheath, a layer of the PT that extends beyond
the acrosome.
Isolation, Sequence, and Verification of the 15-kDa
PT Protein
Several positive cDNA clones were obtained by immu-
noscreening a ZAP Express phagemid library with the
antibody against the 15-kDa PT protein. The pBK-CMV
plasmids were excised from the phage vector and the inserts
were cleaved from the plasmids by using restriction endo-
nucleases with cutting sites flanking the insert. Clones
with the largest inserts of approximately 500 bp were
selected for sequence analysis. Their nucleotide and de-
duced amino acid sequences were identical (Fig. 3). The
cDNA is 492 bp in length, with the largest open reading
s of reproduction in any form reserved.
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379Subacrosomal H2B Variantframe being 369 nucleotides encoding a protein of 122
amino acids with a calculated molecular weight of 14,233.
The amino-terminal sequence of the isolated protein (A X N
V T K X N K R X R G H Q) was identical to the deduced
amino acid sequence of the isolated clone, assuming the
removal of the initial methionine (Fig. 3). This unambigu-
ously identifies the cDNA isolated from the library as the
15-kDa PT protein that was isolated from bull spermatozoa.
The consensus polyadenylation signal sequence (ATTAAA)
is 40 bases upstream from the poly(A) tail. This protein is
very basic (calculated pI 9.97) due to the abundance of
rginine and lysine residues.
Amino Acid Sequence Comparisons and Protein
Motifs of SubH2Bv
A NCBI database search employing the BLAST network
service and literature search revealed that this protein
shares a 46% amino acid sequence identity with the mouse
and human histone H2B and a 67% similarity when con-
servative amino acids substitutions are taken into account
(Fig. 4A). It is just four amino acids shorter than histone
H2B protein (126 amino acids). Aside from the initial
methionine, the first 13 residues are not identical to H2B
and there are only four amino acids in common with H2B in
FIG. 1. (A) Coomassie blue-stained 8–18% linear gradient SDS-
polyacrylamide gel of bull perinuclear theca proteins after NaOH
extraction. Lane 1 shows several characteristic polypeptide bands
of which the 15-kDa band (SubH2Bv) is prominent. Lane S, mo-
lecular masses of polypeptide standards are denoted by number
3103. (B) Preparative Western blot of NaOH extracts of perinuclear
heca proteins. Lane 1, transferred perinuclear theca proteins
tained with Coomassie blue dye. Lane 2, extracts of perinuclear
heca proteins immunostained with immune serum raised and
ffinity-purified against the 15-kDa protein. Note the specificity of
he antibody to the single perinuclear theca protein. Lane 3,
reimmune serum control. Molecular mass of polypeptide (kDa) is
ndicated.the first 34 residues of SubH2Bv. Due to its subacrosomal
Copyright © 2001 by Academic Press. All rightocalization and its similarity to histone H2B in sequence
nd size, this novel protein has been termed Subacrosomal
2B Variant (SubH2Bv).
Online ScanProsite (Expert Protein Analysis System,
wiss Institute of Bioinformatics) revealed two motifs in
he amino acid sequence of SubH2Bv. Within the region of
imilarity with H2B, there is a histone fold motif (residues
6–100) while residues 7–23, comprising part of the novel
egion, make up a bipartite nuclear targeting sequence (Fig.
A). In SubH2Bv, this motif constitutes two adjacent basic
mino acids (K, R), a spacer region of 12 amino acids
ollowed by three consecutive basic residues (K, K, K).
Secondary Structure Comparison of the Histone
Fold Motif
Homology sequence alignment (Arents and Moudri-
anakis, 1995) (Fig. 4B) and homology structural modeling of
SubH2Bv (Guex and Peitsch, 1997; Peitsch, 1995, 1996) (not
shown) shows that the histone fold motif in SubH2Bv likely
forms the same three-dimensional structure as H2B. Within
the helix–strand–helix–strand–helix motif of SubH2Bv, the
majority of the residues involved in pair formation between
histone dimers and surface residues involved in DNA or
solvent contacts are conserved (Fig. 4B). However, two
serine residues that are involved in H2A-H2B dimer forma-
tion in H2B are replaced with cysteines in SubH2Bv as
shown by asterisks (Fig. 4B).
Tissue Comparative Northern Blot Analysis
The SubH2Bv cDNA that was isolated from the library
was used to create DIG-labeled sense and antisense ribo-
probes by in vitro transcription. Northern blots of total
RNA isolated from various adult bull tissues (testis, liver,
kidney, spleen, and heart) and probed with DIG-labeled
antisense riboprobes showed the presence of a single 600-bp
transcript only in the testis (Fig. 5). No signals were
detected when sense riboprobes were used (not shown).
Species Comparison of PERF 15 vs. SubH2Bv
Expression
To compare the mRNA expression of SubH2Bv with the
first identified subacrosomal protein, PERF 15, antisense
riboprobes were produced from respective clones and used
to hybridize a testicular Northern blot of bull, mouse, and
rat. The Northern blot was first probed with the PERF 15
riboprobe and showed the presence of transcripts approxi-
mately 800 bp in length in mouse and rat (Fig. 6A). The blot
was then stripped of this signal and probed with the
SubH2Bv riboprobe and 600-bp transcripts were detected in
the bull, mouse, and rat (Fig. 6A). RT-PCR performed on
total testicular RNA of bull, mouse, and rat using primers
created from the cDNA sequence of SubH2Bv also indicated
that SubH2Bv mRNA expression is conserved in all three
species by the presence of a 500-bp band from RT-PCRs on
the bull, mouse, and rat testes.
s of reproduction in any form reserved.
antibodies. At this last step of development just before spermia-
380 Aul and Oko
Copyright © 2001 by Academic Press. All rightTo show that the mRNA expression was indicative of
protein expression, Western blot analysis of NaOH-
extracted bull and rat PT proteins were carried out by using
antibodies against PERF 15 and SubH2Bv. Affinity-purified
anti-SubH2Bv and anti-SubH2Bv oligo labeled identically
on a Western blot of bull PT. There were no cross-reacting
species present when using anti-PERF 15 (Fig. 6C), indicat-
ing that an immunocross-reactive homologue of PERF 15 is
not conserved in bovine. However, a Western blot of rat PT
proteins immunostained with anti-SubH2Bv and anti-PERF
15 shows the presence of both of these proteins within the
same extract (Fig. 6D).
SubH2Bv Expression during Spermiogenesis
Immunoperoxidase staining on paraffin-embedded bull
testicular sections was identical with the two SubH2Bv
antibodies. The immunostaining was restricted to the sper-
matid population of the seminiferous epithelium. No im-
munostaining was detected in Sertoli cells, spermatogonia,
spermatocytes, or cells of the interstitial tissue (Fig. 7).
During the Golgi phase of spermatid development, the
immunoperoxidase reaction product was seen surrounding
the forming acrosomic vesicles (Fig. 7B, Stage II). Later in
this phase, the acrosomic vesicle retained a peripheral ring
of reaction product as it attached to the nuclei of the round
spermatids (Fig. 7A, Stage III).
During the cap phase of spermiogenesis, the immunoper-
oxidase reaction product delineated the acrosome as it
gradually spread and capped the apical region of the nuclei
of the round spermatids (Fig. 7A, Stage VI). In the acrosome
phase, which is characterized by the progressive elongation
of the acrosome-capped nucleus, the immunostaining re-
mained associated with the head of the elongated sperma-
tids (Fig. 7B, Stage XII-I).
Immunogold labeling on EM testicular sections with anti-
SubH2Bv antibodies at sequential steps of spermiogenesis
revealed antigenicity associated with the membrane of the
developing acrosomic vesicle and the nuclear membrane.
During the Golgi phase of spermatid development, immuno-
gold labeling was seen is association with the acrosomic
vesicle before (Fig. 8A) and after (Fig. 8B) its attachment to the
nucleus. The colloidal gold particles surrounded the acro-
somic vesicle and were associated with the periphery of its
membrane. Upon attachment of the acrosomic vesicle to the
nucleus, the gold label was also observed in an intervening
layer between the acrosome and the nuclear envelope (Figs. 8B
and 8C). This layer is destined to become the subacrosomal
layer in the mature spermatozoa.
tion, the caudal end of the acrosome has narrowed, forming the
equatorial segment (ES). Immunogold labeling of SubH2Bv is
localized to the subacrosomal layer (SL) of the PT and extends into
outer periacrosomal layer (OPL) adjacent to the equatorial segmentFIG. 2. (A) Sagittal section through heads of bull spermatids at
step 13 of spermiogenesis, immunogold labeled with anti-SubH2Bv
antibody. Note that immunogold label localizes SubH2Bv to the
subacrosomal layer (SL) of the PT. Some labeling is also present in
the outer periacrosomal layer (arrows) in the region destined to
form the equatorial segment. In many regions, the outer and inner
acrosomal membranes as well as the sperm plasma membrane are
clearly delineated as white lines as a result of leaving out the
osmium tetroxide stain. No labeling is found in the postacrosomal
layer (P) of the PT. A, acrosome. (B) Section through a portion of a
step 14 spermatid head immunogold-labeled with anti-SubH2Bvof the acrosome. P, postacrosomal sheath. Bars, 0.2 mm.
s of reproduction in any form reserved.
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381Subacrosomal H2B VariantDuring the cap phase of acrosomic development, the
immunogold label surrounded the entire forming acrosomic
system as it spread over the spermatid nucleus (Figs. 8C and
8D). Labeling was seen overlying the membrane of the
acrosomic granule and outlining the acrosomic cap (Fig.
8C). As the acrosomic cap flattened and extended over the
spermatid nucleus, immunogold labeling diminished on the
outer acrosomal membrane (Fig. 8C). In the early acrosomic
phase, the acrosomic cap condensed and immunogold label-
ing was almost exclusively subacrosomal (Fig. 8D) which
was the pattern seen in mature spermatozoa.
In the earliest phase of spermiogenesis, when acrosomic
vesicles are formed by fusion of proacrosomic vesicles,
immunoperoxidase staining of seminiferous epithelium re-
vealed the presence of the reaction product surrounding
each individual proacrosomic vesicle (Figs. 9 and 7B, Stage
II) as they coalesce with each other and attach to spermatid
nuclei.
DISCUSSION
In this study, we have identified a major SDS-insoluble
FIG. 3. Nucleotide and deduced amino acid sequence of the SubH2
open reading coding for a 122-amino acid protein begins at nucleotide
the isolated perinuclear theca polypeptide was identical to the deduced
the stop codon of the cDNA; the polyadenylation signal is underlined
RT-PCR.bull sperm head protein that resides throughout the sub- t
Copyright © 2001 by Academic Press. All rightcrosomal layer of the PT and within the region of the outer
eriacrosomal layer, adjacent to the equatorial segment.
his protein is also present in the perforatorium of murid
permatozoa. Most significantly, it is a novel histone vari-
nt, named Subacrosomal H2B variant (SubH2Bv), which is
ever seen within the nucleus of the developing spermatid
ut is found in its cytoplasm in association with the
orming acrosomic system. Contrary to its cytoplasmic
ocation, SubH2Bv contains a nuclear localization signal
aking it a prime candidate for directing the PT-protein
ound acrosome vesicle to the nuclear envelope during
permiogenesis.
Comparative Northern blot analysis of SubH2Bv mRNA
issue distribution suggests that it is preferentially ex-
ressed in the testis. In order to compare the expression of
ubH2Bv with the first identified and characterized sub-
crosomal protein of the same size, PERF 15 (Oko and
orales, 1994), a species-comparative (bull, mouse, rat)
esticular Northern blot and cross-species Western blots of
he extracted PT were carried out. SubH2Bv mRNA and
rotein appears to be present in murids and bovine, while
ERF 15 mRNA and protein appears to be present only in
NA (GenBank Accesssion No. bankit36365 AF315690). The largest
22 and ends at nucleotide base 391. The amino-terminal sequence of
o acid sequence of this cDNA which is underlined. Asterisks indicate
hed lines indicate the position of oligonucleotide primers created forBv cD
base
amin
. Dashe testis of murid. This data coincides with a previous
s of reproduction in any form reserved.
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382 Aul and Okoprotein expression study correlating the presence of PERF
15 with falciform-shaped sperm heads (Breed et al., 2000).
hese results dispute the concept that a vestige of the
erforatorium (i.e., the apical body) remains in spatulate-
haped spermatozoa (Wooding and O’Donnell, 1971), as the
ajor component of the perforatorium, PERF 15, appears to
e absent in spatulate shaped sperm. Therefore, unlike
ERF 15, SubH2Bv appears broadly present in mammals
nd is a more fundamental component of mammalian
perm head development relating to acrosome formation.
his concept is reinforced by the subacrosomal presence of
his protein in primate and marsupial spermatozoa as well
unpublished data).
An NCBI database search revealed that the major part of
his protein’s amino acid sequence, with the exception of
ts amino-terminal end, has amino acid similarity with a
ore histone protein H2B and contains a predicted histone
old motif in this region. The histone fold is a three-
imensional helix–strand–helix–strand–helix motif com-
on to the four core histones (H2A, H2B, H3, and H4) and
s responsible for their heterodimerizations. The contact
FIG. 4. (A) The amino acid sequence of SubH2Bv and the positions
amino acids between human and mouse H2B are light shaded whil
mouse and human H2B are highly conserved (differing by only
substitutions are indicated by dots above the sequence. The boxed a
7–23 are the bipartite nuclear targeting sequence and the motif at po
synthesized for antibody production is indicated by dashed underlin
motif of H2B with SubH2Bv. The amino acid sequence of the predi
sequence of histone H2B. The regions forming the helix I, loop/stran
residues are in bold capitals and surface residues are italicized and
in H2B are replaced by cysteines in SubH2Bv and indicated by astnterface in each heterodimer is extensive and is described p
Copyright © 2001 by Academic Press. All rights a molecular “handshake” (Arents et al., 1991). Many
ther proteins and protein complexes contain a histone fold
otif as defined by the same 3-D structure but distant
equence similarity (Baxevanis et al., 1995). Histone fold
roteins are thought to utilize their histone fold motif to
chieve productive protein–protein interactions, protein–
NA, interactions or both (Baxevanis et al., 1995).
This motif in SubH2Bv shares greater sequence similarity
ith H2B and is likely involved in similar protein–protein
nteractions utilizing its histone fold motif. SubH2Bv could
imerize with other as of yet unknown PT or acrosomal
embrane proteins, creating a multimeric complex similar
o those seen in histone fold proteins. Such an interaction
ould be responsible for attachment of SubH2Bv to proacro-
omic vesicles that coalesce to form the acrosomic vesicle
uring early spermiogenesis. Once the SubH2Bv-surrounded
crosomic vesicle attaches to the nuclear envelope the
imeric complex could then contribute to intermembrane
inding and stabilization of the acrosome.
It is interesting to note that SubH2Bv contains three cys-
eine residues that are not normally present in H2B and may
e shared amino acids of mouse H2B and human H2B. The identical
se that are shared with SubH2Bv are dark shaded. Note that while
ngle residue), SubH2Bv diverges significantly. The conservative
acids indicate the motifs found in SubH2Bv. Residues at positions
n 35–100 is the histone fold motif. The position of the oligopeptide
) Predicted secondary structure-based alignment of the histone fold
histone fold motif of SubH2Bv is compared against the amino acid
lix II, loop/strand and helix III are shown above the sequences. Pair
rlined. Note that two serine residues involved in pair interactions
s.of th
e tho
a si
mino
sitio
e. (B
cted
d, heotentially be involved in forming disulfide linkages. Homol-
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that the distance between the sulfur atoms in these cysteine
residues is over 12 angstroms apart, too far to form intramo-
lecular disulfide linkages. Furthermore, the cysteines in
SubH2Bv replace serines in H2B that are involved in estab-
lishing contacts with H2A (i.e., pair dimerization) (Fig. 5)
(Arents and Moudrianakis, 1995). Therefore, SubH2Bv may
form intermolecular disulfide bridges with an H2A-like
cysteine-containing molecule within the covalent network of
the PT. These potential disulfide interactions may explain the
insoluble nature of SubH2Bv within the PT.
The amino acid sequence upstream from the histone fold
motif does not bear similarity to the histone H2B protein. It
is novel and contains another motif, a potential bipartite
nuclear targeting sequence located at residues 7–23. The
bipartite nuclear targeting sequence is defined by two
adjacent basic amino acids (Arg or Lys), a spacer region of
any 10–12 residues, and at least three basic residues (Arg or
Lys) after the spacer region (Dingwall and Laskey, 1991;
Fontes et al., 2000). The potential bipartite nuclear target-
ing sequence of SubH2Bv is comprised of two basic resi-
dues, arginine and lysine, at positions 7 and 8 followed by a
12-residue spacer region and finally three adjacent lysines
(position 21–23) after the spacer region. The bipartite
nuclear targeting sequence is a type of nuclear localization
signal (NLS) that is found to occur in 56% of nuclear
proteins and 4.2% of non-nuclear proteins in the SwissProt
FIG. 5. Northern blot analysis of 5- to 10-mg samples of total
tissue RNA per lane from adult bull testis (T), liver (L), kidney (K),
spleen (S), and heart (H) hybridized with DIG-labeled antisense
RNA transcribed from pBK-CMV containing the SubH2Bv clone. A
signal is detected on a 600-bp transcript (arrowhead) only in the
testis. Lane M, DIG-labeled RNA molecular weight markers
(Roche Molecular Biochemicals) are indicated in kilobases. The
presence of the 18S ribosomal RNA bands within each sample is
indicated below (arrowhead).database (Dingwall and Laskey, 1991). Therefore, the fact
Copyright © 2001 by Academic Press. All righthat SubH2Bv resides outside the sperm nucleus makes it
n unusual protein having this motif.
The function of bipartite nuclear targeting sequence has
een extensively studied in two Xenopus nuclear proteins,
ucleoplasmin and N1, which are responsible for nucleoso-
al assembly (Dilworth and Dingwall, 1988). Deletion
utation analysis of the bipartite nuclear targeting se-
uence in nucleoplasmin has shown that this sequence is
rucial for directing proteins to the nucleus (Robbins et al.,
FIG. 6. (A) Northern blot analysis of total testicular RNA from bull
(B), mouse (M), and rat (R) hybridized with DIG-labeled antisense
riboprobes made from the PERF 15 cDNA of the rat. Signals were
detected in mouse and rat on same sized transcripts. The same blot
was stripped of the PERF 15 probe and reprobed with the SubH2Bv
riboprobe of the bull and signals are detected in bull, mouse, and rat.
(B) Agarose gel electrophoresis of PCR products obtained from RT-
PCR performed on bull, mouse, and rat total testicular RNA using
primers created from the 59 and 39 termini of the SubH2Bv cDNA
shows the presence of a single ,500-bp band in all three species
(arrow). (C) Western blot analysis of NaOH-extracted bull PT proteins.
Lane 1, transferred PT proteins stained with Coomassie blue dye.
Immunostaining with affinity-purified anti-SubH2Bv antibody
(lane 3) and anti-SubH2Bv oligo (lane 5) show identical reactions
with the extracted SubH2Bv (lanes 2 and 4 are the corresponding
preimmune sera, respectively). Immunostaining with affinity puri-
fied anti-PERF 15 serum showed no reaction with the NaOH-
extracted bull PT proteins (lane 6 is the PERF 15 preimmune
control). Molecular weight markers (M) are indicated in kDa. (D)
Western blot analysis of NaOH-extracted rat PT proteins. Lane 1,
transferred rat PT proteins stained with Coommassie blue dye.
Immunostaining with anti-SubH2Bv antibody showed reaction
with a 15-kDa band (lane 3). Immunostaining with anti-PERF 15
antibody showed reaction with a comigrating protein (lane 5).
Lanes 2 and 4, the corresponding preimmune serum controls.
Molecular weight markers (M) are indicated in kDa.
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384 Aul and Oko1991; Dingwall and Laskey, 1991). It is thought that all
types of NLS, including the bipartite nuclear targeting
sequence, are facilitated into the nucleus by a intermediate
cytoplasmic molecule importin, a heterodimer consisting
of a and b subunits. Importin a recognizes and binds the
NLS and importin b is responsible for docking the import-
ubstrate complex to the nuclear envelope-localized
uclear pore complexes (reviewed by Jans et al., 2000).
Combining the predicted role of this sequence motif with
ubH2Bv’s localization during spermiogenesis, a molecular
ssociation leading to the assembly of the acrosome can be
roposed. During spermiogenesis, SubH2Bv is peripherally
FIG. 7. Sections through seminiferous tubules representing
immunoperoxidase-stained with affinity-purified anti-SubH2Bv an
synthetic SubH2Bv oligopeptide and this showed identical results.
the periphery of the forming acrosomic vesicles (arrows) that have b
the immunostaining remains associated with the acrosome as it
spermatid (arrows). Bars, 10 mm. (B) Stage II, showing fusion of imm
f round spermatids (arrows). Stage XII-I, the immunoperoxidase
arrows). Cytoplasmic immunostaining is obvious in the cytoplasmssociated with the acrosomic vesicle as it attaches to the e
Copyright © 2001 by Academic Press. All rightuclear envelope. Most importantly, it is clearly present
hroughout the intervening layer between the nucleus and
he acrosomic vesicle at the site of nuclear attachment. We
herefore propose that the bipartite nuclear targeting se-
uence of SubH2Bv acts to direct the PT-encased acrosomic
esicle toward the nucleus during spermiogenesis. In this
ase, the nuclear targeting sequence may act as a recogni-
ion motif by way of unknown importin-type intermedi-
tes, allowing SubH2Bv to attach to the nuclear envelope
ithout actually being taken in. Nuclear import may be
revented by the mere size of the PT-acrosome complex but
t is also worth noting that, at this time during spermiogen-
ous stages of the cycle of bovine seminiferous epithelium,
dy. Staining was repeated by using antibodies raised against the
tage III showing immunoperoxidase reaction product surrounding
is stage attached to the nuclei of the round spermatids. In stage VI,
and spreads over the apical portion of the nucleus of the round
tained proacrosomic vesicles and their attachment onto the nuclei
ning remains associated with the head of elongating spermatids
be of the elongated spermatids.vari
tibo
(A) S
y th
caps
unossis, nuclear pores are lost apically on the spermatid
s of reproduction in any form reserved.
385Subacrosomal H2B VariantFIG. 8. Electron micrographs of testicular sections immunogold labeled with anti-SubH2Bv antibody at sequential steps of spermiogenesis. Bars, 0.2
mm. (A) A portion of a step 1 spermatid showing immunogold labeling of the acrosomic vesicle (AV) before its attachment to the nucleus (N). Labeling
with anti-SubH2Bv (arrows) is associated with the membrane of the acrosomic vesicle. (B) A portion of a step 3 spermatid, showing the attachment of
the acrosomic vesicle (AV) to the nucleus (N). The labeling surrounds the acrosomic vesicle and is found between the attachment site of the acrosomic
vesicle and the nucleus (arrows). (C) A portion of a step 5 spermatid, showing the acrosomic system capping the nucleus (N). At this stage of
development, the acrosomic granule (AG) is anchored at the apical end of the spermatid nucleus while the dilated acrosomic cap (AC) extends caudally
from either side. Immunogold labeling is seen in association with the periphery of the entire acrosomic membrane and in the subacrosomal layer (SL),
intervening between the nucleus and the acrosomic vesicle. However, at this stage, labeling begins to diminish apically at the periphery of the outer
acrosomal membrane (OAM). (D) A portion of a step 7 spermatid showing condensation of the acrosomic cap (AC). With the exception of equatorial
segment region (not shown), immunogold labeling is now almost completely subacrosomal (SL). M, Sertoli cell endoplasmic recticulum mantle.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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386 Aul and Okonucleus (Clermont et al., 1993). However, characterization
f nuclear envelope proteins in spermatids and assessment
f SubH2Bv’s ability to enter the nuclear pores of somatic
ells are important steps necessary to fully understand the
ole that SubH2Bv plays in acrosomal development.
Given the striking similarity that SubH2Bv has to H2B, it
s important to consider its potential involvement in chro-
atin remodeling during fertilization. Although we have
et to specifically explore SubH2Bv’s fate within fertilized
ocytes, the results of recent studies investigating sperm
tructure disassembly following in vitro fertilization (IVF)
nd intracytoplasmic sperm injection (ICSI) have outlined
he role that the PT plays in fertilization (Sutovsky et al.,
996a,b, 1997; Hewitson et al., 1999; Ramalho-Santos et al.,
000). The significance of SubH2Bv as the major constitu-
nt of the subacrosomal PT is also highlighted when we
ook at the events of fertilization.
In IVF studies (where sperm–egg interactions mimic
atural fertilization), sperm fusion with the oolemma oc-
urs at the equatorial segment and progresses caudally,
ispersing the postacrosomal PT into the oocyte cytoplasm
Bedford and Cooper, 1978; Bedford et al., 1979; Sutovsky et
l., 1996b). At this time, the sperm nucleus begins to
econdense in the caudal region, while the apical portion of
he sperm head is surrounded by the oolemma forming the
fertilization cone” and the subacrosomal PT remains in-
act (Piko, 1967, 1979; Bedford and Cooper, 1978; Sutovsky
t al., 1996b, 1997). The oocyte microvilli then interact
ith the subacrosomal PT inside the fertilization cone and
he subacrosomal PT is disassembled, dispersed and the
pical nucleus decondenses (Sutovsky et al., 1997). In ICSI,
FIG. 9. A section through a bull seminiferous tubule immunoper-
oxidase stained with anti-SubH2Bv antibodies. In this early stage of
spermiogenesis, steps 1–2, immunoperoxidase reaction product is
seen surrounding the individual proacrosomic vesicles (arrows) as
they fuse together and attach to the spermatid nuclei (n). After fusing
together, they form a larger acrosomic vesicle (arrowhead). Bar, 10 mm.hile many of the initial membrane interactions are by-
Copyright © 2001 by Academic Press. All rightassed, the sequence of PT disassembly and pronuclear
evelopment are retained yet delayed. That is to say,
ost-ICSI the subacrosomal cap of the PT persists on the
ale pronucleus and is concomitant with a delay in apical
NA decondensation and DNA synthesis of both pronuclei
Hewitson et al., 1999; Ramalho-Santos et al., 2000). Once
he subacrosomal cap is removed within the oocyte cyto-
lasm, zygotic development catches up to what is seen in
atural fertilization (Hewitson et al., 1999; Ramalho-Santos
t al., 2000). Therefore, the abnormal retention of SubH2Bv
ithin the subacrosomal cap likely imposes a structural
onstraint on apical DNA decondensation in the oocyte
ytoplasm. The early dispersion of the subacrosomal PT,
nd hence SubH2Bv, during natural fertilization could be
esponsible for the timely activation of pronuclear DNA
ynthesis by favorably altering pronuclear chromatin struc-
ure. In summary, although the role of SubH2Bv in fertili-
ation remains to be investigated, it is clear from this study
hat SubH2Bv associates with the acrosomic-nuclear sys-
em of the developing mammalian spermatozoa.
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